ABSTRACT The overwintering survival and development of olive fruit ßy, Bactrocera oleae (Rossi), and the endoparasitoids, Psyttalia humilis Silvestri and P. lounsburyi (Silvestri), were investigated at sites in CaliforniaÕs interior valley and coastal region. In the interior valley, adult ßies survived up to 4 Ð 6 mo during the winter when food was provided. Adult female ßies could oviposit in late fall and early winter on nonharvested fruit and, although egg survival was low (0.23Ð 8.50%), a portion of the overwintered cohort developed into adults the following spring; percentage of survival was negatively correlated to daily minimum temperature. P. humilis and P. lounsburyi successfully oviposited into host larvae in late fall, and their progeny developed into adults the following spring, although with a low percentage (0 Ð11.9%) survivorship. Overwintering survival of puparia of the olive fruit ßy and immature larvae of P. humilis and P. lounsburyi (inside host puparia), buried in the soil, were tested at an interior valley and coastal site. Survival of olive fruit ßy ranged from 0 to 60% and was affected by the trial date and soil moisture. Overwintering survival of both the fruit ßy and tested parasitoids was lower at the colder interior valley than the coastal site; P. humilis immature stages had the highest mortality levels while B. oleae pupae had the lowest mortality levels. The spring emergence pattern of the tested insects was well predicted by a degree-day model. We discuss factors potentially impeding establishment of introduced olive fruit ßy parasitoids in California and elsewhere.
Successful establishment of arthropod natural enemies requires synchrony of the imported natural enemy with the targeted pestÕs seasonal biology and habitat (DeBach and Bartlett 1964 ). An analysis of regional and national reviews of biological control programs suggests improper climatic match accounted for 34.5% of failures (Stiling 1993) . Poor overwintering survival of an introduced natural enemy is one of the major limitations imposed by climate on natural enemy establishment and success (Boivin et al. 2006 , Jenner et al. 2010 . Therefore, understanding the overwintering survival of introduced natural enemies is central to assessing their potential to establish in new geographic ranges. Here, we investigated the overwintering survival of natural enemies imported to California for control of the olive fruit ßy, Bactrocera oleae (Rossi). Before our studies, classical biological control of B. oleae had been investigated for over 80 yr in the Mediterranean basin. A braconid larval parasitoid, Psyttalia concolor (Szé pligeti) was introduced from North Africa and released widely, but with limited success (Raspi and Loni 1994, Miranda et al. 2008) . Although detailed studies are lacking on its overwintering biology, Loni (1997) speculated that the failure of P. concolor to establish in some regions of the Mediterranean was due, in part, to winter climate extremes.
B. oleae is a major olive pest worldwide and has been the target of numerous biological control programs (Tzanakakis 2006 , Argov et al. 2012 ). Believed to be native to sub-Saharan Africa, the olive fruit ßyÕs range expanded naturally, probably after the domestication of olives, into the Mediterranean basin, South and Central Africa, SouthÐCentral Asia, and more recently into California and northwestern Mexico (Zygouridis et al. 2009 , Nardi et al. 2010 . A renewed interest in classical biological control occurred with the discovery of B. oleae in California . Numerous braconid parasitoids were screened for their potential as B. oleae natural enemies, including P. concolor (Sime et al. 2006b ), Psyttalia lounsburyi (Silvestri) , Psyttalia humilis Silvestri (Wang et al. 2011b ), Bracon celer Szé pligeti (Sime et al. 2006a , Nadel et al. 2009 ), Psyttalia ponerophaga (Silvestri) , Fopius arisanus (Sonan) , Diachasmimorpha kraussii Viereck, and Diachasmimorpha longicaudata (Ashmead) (Sime et al. 2006c ). At present, two African larval endoparasitoids, P. lounsburyi and P. humilis, have been released in California. All these larval endoparasitoids emerge as adults from host puparia. To facilitate insectary production, both parasitoid species were reared on the Mediterranean fruit ßy (Medßy), Ceratitis capitata (Wiedemann), with large statewide release of P. humilis (Yokoyama et al. 2010 (Yokoyama et al. , 2011 , whereas fewer P. lounsburyi were released and at coastal California sites only (X.G.W., unpublished data). Both parasitoid species have successfully overwintered at coastal release sites (K.M.D., unpublished data), although data from the release programs has not yet shown either parasitoid to successfully overwinter in CaliforniaÕs interior valley, where summer temperatures are higher and winter temperatures are colder than at coastal olive growing regions.
In contrast, there is ample evidence that B. oleae may overwinter as a larva or adult in CaliforniaÕs southern and coastal regions, where there are mild winter temperatures. B. oleae larvae have been collected from overwintered fruit in the spring and baited traps caught adult ßies in both winter and early spring periods (Yokoyama et al. 2006 , Burrack et al. 2011 . In CaliforniaÕs interior valley, baited traps also caught low numbers of adult B. oleae in winter and early spring (Yokoyama et al. 2006 ), but it is unknown how long the adult survives in the Þeld. The pupa is the most likely overwintering stage. In late fall, mature larvae commonly exit fruit to pupate in the soil (Tzanakakis 2006) , and typically the ßy will overwinter outside of the fruit and just under the soil surface inside a puparium. Nevertheless, it is unknown if B. oleae can overwinter in CaliforniaÕs interior valley as a late-instar or pupa in the soil. The goals of this study, therefore, were to compare the overwintering survival of B. oleae, P. humilis, and P. lounsburyi in California. SpeciÞcally, in interior valley sites we investigated adult B. oleae overwintering survival in Þeld cages, and survival of ßy eggs or larvae in fruit. Concurrently, we tested the survival of both parasitoid species as immatures (inside a host) on olive fruit. In a coastal site and two interior valley sites, we investigated the overwintering survival of B. oleae puparia when lightly buried in the soil, and both parasitoid species (inside a host). The research is discussed with respect to the survival patterns among these species and those factors that may impede establishment of the introduced parasitoids. (Wang et al. 2009a) , and P. humilis and P. lounsburyi (Wang et al. 2011b ). The B. oleae colony was established in 2003 with adults reared from olives collected in Davis, CA, and Þeld-collected ßies were added to the colony each year to maintain colony vigor. Adult ßies were held in Bug Dorm2 cages (BioQuip, Rancho Dominguez, CA) provisioned with water, honey, and hydrolyzed yeast (Fisher Biotech, Fairlawn, NJ) . Olives were exposed to gravid female B. oleae until each fruit had 3Ð5 oviposition stings. Infested olives were then distributed over a piece of wire mesh that rested 2 cm above a rectangular (36 by 18 by 10 cm) plastic tray. Larvae matured in 9 Ð12 d, exited the fruit and dropped onto the tray, where puparia were collected and then placed into a clean holding cage for emergence of adult ßies.
Materials and Methods

Insect
Parasitoid colonies were maintained at the Kearney insectary on B. oleae infested olives. The P. lounsburyi colony was established with adults reared from B. oleae collected on wild olives in 2002 in the Burguret Forest, Kenya ; with new stock from this same region added to the colony yearly from 2002 to 2005. The P. humilis colony was established with adults reared from B. oleae collected on wild olives in 2008 in Namibia. This parasitoid was previously referred to as P. concolor (Rehmen et al. 2009 ) and P. cf. concolor (Yokoyama et al. 2008 ). Both parasitoid colonies were maintained on Medßy larvae in artiÞcial diet at the U.S. Department of AgricultureÐAgriculture Research Services (USDAÐARS) European Biological Control Laboratory in Montferrier, France, and the Plant Production and Marketing BoardÐCitrus Division, Israel Cohen Institute for Biological Control in Bet Dagan, Israel. P. lounsburyi and P. humilis were sent from the Israeli colonies in 2009 and reared for two generations on B. oleae at Kearney before the trials began. Rearing methods were similar for both parasitoid species. Adult parasitoids were held in the Bug Dorm2 cages, provisioned with water and honey. Infested olives containing early third instar B. oleae were exposed to adult parasitoids in the holding cages. After a 2Ð3 d exposure period the olives were transferred to plastic trays, as described above, to rear the parasitized larvae.
Studies were conducted at a coastal site (UC Berkeley, which is in the San Francisco Bay area and has a coastal Mediterranean climate) and two interior sites (Kearney as well as at the Lindcove Research and Extension Center, Lindcove, CA, which are Ϸ180 km inland and have hot, dry summers and colder winters relative to the coastal site). Unless otherwise noted, air temperature data were taken from the California Irrigation Management Information System (CIMIS), which has stations in Berkeley, Kearney, and Lindcove.
Adult Fly Survival. The seasonal survival of adult female ßies was measured in an olive orchard at Kearney. Beginning every 2 mo from February to October 2005, adult ßies were placed in 10 cylindrical (25 by 45 cm), organdy sleeve cages (Tufpro Nylon Paint Strainers, Warren Co., NC) that were hung on the east side of olive tree canopies (two cages per tree). Ten female ßies, 1Ð3 d old since adult eclosion, were released into each cage (100 per trial date). As a control, Þve identical cages were established in the Kearney insectary (24 Ϯ 2ЊC, a photoperiod of 16:8 [L:D] h, 40 Ð 60% RH) at the start of each trial. Each cage was provisioned with a 50% honey-water solution, provided in reservoirs with cotton wicks, which were refreshed as needed. The Þeld cages enclosed live olive branches without fruit (all fruit were removed after bloom); the insectary cages had extracted olive branches to provide a similar substrate. Survival of the ßies was monitored weekly.
Immature Fly Overwintering. Immature B. oleae survival and development in overwintered olives were tested in Þeld-cage trials in a Lindcove olive orchard. In the Þrst trial, on 5 January 2007, 10 gravid female ßies from the Kearney colony were placed in each of 10 Tufpro sleeve cages that each enclosed olive branches with 50 Ð 60 fruit per cage. No fruit was found to naturally be infested by the ßy in this orchard (i.e., all fruit within each cage were checked before each trial). After a 3-wk exposure period, during which food and water were not provided, all tested adult ßies were removed. Subsets of 10 Ð20 fruit were then randomly selected from each cage to estimate initial ßy density, based on the number of oviposition stings on each fruit. Subsequently, emergence of adult ßies in each cage was monitored weekly until all ßies had emerged in the spring. The trial was repeated beginning on 25 November 2008 and 2 December 2010, with the later trial using 18 cage replicates. A similar trial was conducted, beginning on 25 November 2007, with 12 large cages (48 by 61 cm) that enclosed olive branches with more (250 Ð300) fruit and were inoculated with more (30) gravid female ßies.
Immature Parasitoid Overwintering. Preliminary observations suggested that immatures from P. lounsburyi and P. humilis eggs oviposited in October would be unable to complete development to the pupal stage before January, resulting in poor overwintering survival. To test this hypothesis, trials were conducted in winter 2007Ð2008 and 2008 Ð2009 in a Kearney olive orchard. Trials consisted of the Tufpro sleeve cages that each enclosed branches containing 56 Ð177 fruit (all fruit were free of natural infestation by the ßy). Approximately 3 wk before the scheduled release of parasitoids, each cage was inoculated with 10 or 20 gravid female ßies, which remained for a 1 wk oviposition period and were then removed. The number of fruit per cage was counted and a subsample of fruit was checked, showing that the inoculation resulted in 1Ð3 B. oleae ovipositional scars (eggs or oviposition attempts) per fruit. After the dissection of subsampled fruit indicated that the ßy larvae had developed into early third instars, parasitoids were added to the cages.
In the Þrst trial, 20 mated female P. lounsburyi or P. humilis were released into each of 10 cage replicates, from 4 October to 1 November 2007. In the second trial, 15 mated female P. lounsburyi or P. humilis were released into each of 10 cage replicates, from 1 to 20 October 2008. In the third and fourth trials, only P. humilis was tested, with 15 females released into each of 10 cages from 20 October to 12 November 2008, and 20 females were released into each of 10 cages from 11 November to 9 December 2008, respectively. During these exposure periods, adult parasitoids were provided with food (honey streaked on leaves and water in vials with cotton wicks). After the exposure periods, all living wasps were removed from the cages and approximately half of the fruit in each cage was collected, taken to the Kearney insectary, and held in plastic cups, under the insectary conditions described previously, until ßies or wasps emerged. The other half was left in the cages to monitor emergence of parasitoids or ßies in the Þeld. At the end of the trial, all unemerged puparia were reconstituted in water for 1 d and then dissected under a microscope to determine the presence or absence of recognizable immature parasitoid cadavers and pharate adults. Parasitism was estimated based on the number of emerged and dissected wasps and ßies, while host density was estimated based on the total ßy puparia.
Fly and Parasitoid Survival in the Soil. In fall, B. oleae commonly exit the fruit to pupate in the soil rather than inside the fruit; therefore, survival of pupal B. oleae (live or parasitized) in soil is critical for successful overwintering. To investigate ßy survivorship under these conditions, trials were conducted at a coastal site (an experimental farm at UC Berkeley) and an interior site (Kearney). For each trial, parasitized and unparasitized B. oleae puparia were prepared following the same methodology for each location. Olive fruit were exposed to 100 Ð200 female B. oleae in holding cages for up to 24 h, until each fruit had 3Ð5 oviposition scars. The infested fruit were then held for 910 d to allow the B. oleae to develop to early third instars, at which time the fruit were separated into two groups that were then exposed to either 100 Ð200 female P. humilis or P. lounsburyi for 24 h. The number of parasitoids for each exposure varied, depending on their availability. After the exposure, ßy puparia were collected and inspected to remove any unhealthy or dead pupae (e.g., dehydrated, diseased). The collected puparia were then randomly assigned to treatments.
Trials were initiated in October and repeated each week until the middle of December 2009 (a total of 10 trials). At both sites, the tested puparia were separated into groups and placed in small (150 ml) plastic containers Þlled with 50 g of soil, with the puparia buried 1Ð2 cm below the soil surface. The sides and bottom of each container were punctured with small (Ͻ1 mm diameter) holes to allow excess water to drain out, and the container was covered with an organdy screen to prevent predators from entering. At each trial, all containers were held in a rectangular (10 by 50 by 120 cm) wooden box with a metal mesh bottom; the box was Þlled with the same soil as in containers, and buried in the Þeld such that the soil level in the treat-ment was the same as in the Þeld. A sandy loam soil was used at each site to match the predominant soil type; at Kearney the soil was a premix (Robert Soria Trucking, Reedley, CA) and at UC Berkeley a sandy loam was made using a 1:1 mix of sand and potting soil (Supersoil, Rod McLellan Company, Marysville, OH) . An additional treatment imposed at each site was the insectsÕ survival under two soil moisture regimes: natural moisture, in which soil received natural rainfall, and controlled moisture, in which water was supplied to the soil weekly to keep soil moisture between 60 Ð 90%, while rainfall was excluded by using a plastic cover held 2 m over the experimental arena.
Once each trial was initiated, the containers were checked weekly for emergence of parasitoids or ßies. By the end of March when most ßies and wasps had emerged, all containers were collected and the soil was examined for any remaining ßy puparia or parasitized puparia, which were dissected and categorized as either not emerged or dead. As a control, during each of the 10 trial periods, 30 Ð 40 (UC Berkeley) or 50 Ð200 (Kearney) puparia were kept in the insectary room until the emergence of ßies and parasitoids; this control was used to estimate adult ßy emergence, percentage parasitism, and emergence rates for each trial. There were Þve replicates for the natural moisture treatment and 9 Ð15 replicates for the controlled moisture treatment. During each trial, the number of puparia per replicate was similar, but varied among trial periods (range, 30 Ð50) depending on the availability of puparia. Air temperature, soil temperature, and humidity for each moisture treatment were recorded using HOBO data loggers (Onset Corporation, Bourne, MA).
Data Analysis. Data for all experiments are presented as means (ϮSE). Unless otherwise stated, treatment effects were compared using one-way, twoway, or three-way analysis of variance (ANOVA). Before analyses, data were transformed (e.g., arcsine square-root) as needed to normalize the variance. Analyses were performed using the statistical software of JMP (8.0, SAS Institute, Cary, NC).
For adult B. oleae Þeld survival, data were monthly pooled from all 10 cages to compare ßy survival between the Þeld and insectary using Survival Analysis (log-rank test). If the overall log-rank test was significant, a paired test of any two groups was made, with the signiÞcance of paired comparisons adjusted to a treatment-wide level of ␣ ϭ 0.05 using the sequential Bonferroni adjustment. The cumulative percentage mortality S (t) over time (t) was described by a nonlinear Weibull function: S (t) ϭ 100 (one -exp (t/a) b ), where a and b are Þtted parameters. The time at 50% survival was estimated by the Þtted model. In cases where some ßies were missing, the Þnal number was based on the observed live and dead ßies.
The percentage of successfully overwintering immature ßies was based on the estimated number of eggs (at the start) and the number of emerged adults. Degree-day calculations were made from the date of parent ßy release into cages to the date of Þrst adult offspring emergence. Mean daily minimum and maximum Þeld temperatures from 1 December to 28 February were used to compare winter temperatures among years. The percentage of parasitoids surviving to the adult stage in the Þeld was estimated based on the number of emerged wasps and the initial host density and parasitism, as estimated from the laboratory rearing of exposed fruit.
Overwintering survival of live and parasitized pupae buried in the soil was based on the initial number of ßies and parasitoids (estimated by adult emergence of the cohort in the insectary) and the number of emerged ßies or parasitoids from Þeld cages at the end of the trial. The percent mortality in the Þeld was corrected using SchneiderÐOrelliÕs formula, where corrected mortality ϭ 100 (Þeld mortality Ϫ control mortality)/(100 Ϫ control mortality). Control mortality ϭ mortality under room conditions (Pü ntener 1981). The relationship between cumulative percentage of adult emergence and degree-days for both parasitoids was analyzed using linear regression.
Previously, we compared the thermal performance of the ßy and these two parasitoids, and the lower and upper developmental threshold from egg to adult for B. oleae, P. humilis, and P. lounsburyi were 8 and 32ЊC, 11 and 34ЊC, and 8.1 and 30ЊC, while thermal constants were 380.8, 252.2, and 343.9 degree-days (DD), respectively ). Degree-days were calculated based on these thresholds for each insect and using the online double sine wave function program at the University of California Integrated Pest Management Web site (http://www.ipm.ucdavis.edu).
Results
Adult Fly Survival. Adult female B. oleae caged at different seasonal periods lived up to 231Ð343 and 217Ð280 d under Þeld and insectary conditions, respectively (Table 1 ). The ßyÕs longevity in the insectary and the Þeld did not differ for trials in February ( 2 ϭ 1.38; df ϭ 1; P ϭ 0.239), April ( 2 ϭ 1.16; df ϭ 1; P ϭ 0.282), June ( 2 ϭ 0.38; df ϭ 1; P ϭ 0.535), or August ( 2 ϭ 2.88; df ϭ 1; P ϭ 0.089), but in October ßies placed in the Þeld lived for a shorter period than those held in the insectary ( 2 ϭ 113.86; df ϭ 1; P Ͻ 0.001). Cumulative percentage mortality provided a good Þt to the nonlinear Weibull function, and produced 50% mortality estimates that ranged from 98.7 to 177.8 and 105.0 Ð155.4 d for Þeld and laboratory trials, respectively (Table 1 ). In the Þeld trials, periods of higher mortality often coincided with periods of extreme temperatures, especially low winter temperatures (Fig. 1) . Mean low weekly temperature dropped to 3.4ЊC in January 2006, which coincided with the sudden death of 32 of 44 ßies and 60 of 88 ßies over that cold period for trials initiated in August and October, respectively.
Immature Fly Overwintering. B. oleae successfully oviposited in blackened and overripe olive fruit presented from late November through early January ( Table 2 ). The number of eggs laid per fruit differed among trial dates (F ϭ 10.57; df ϭ 3, 47; P Ͻ 0.001) as did the percentage of ßies that successfully developed (F ϭ 18.40; df ϭ 3, 47; P Ͻ 0.001). Survival to the adult stage ranged from 0.23 to 8.50% and was positively related to mean daily minimum temperature (F ϭ 43.33; df ϭ 3; r 2 ϭ 0.99; P ϭ 0.002) but not mean daily maximum temperature (F ϭ 2.47; df ϭ 3; r 2 ϭ 0.53; P ϭ 0.273). Minimum temperatures during the trial initiated on 7 January 2007 were signiÞcantly lower than those during the other trial periods (F ϭ 11.98; df ϭ (Table 3 ). However, P. humilis parasitism levels were higher than P. lounsburyi levels in both years (2007: F ϭ 16.81; df ϭ 1, 18; P Ͻ 0.001 and 2008: F ϭ 27.17; df ϭ 1, 18; P Ͻ 0.001). Percentage of developed parasitoids was not different between treatments (2007: F ϭ 1.01, df ϭ 1, 18, P ϭ 0.331; 2008: F ϭ 0.06, df ϭ 1, 18, P ϭ 0.815) ( Table 3 ). In 2007, a single P. lounsburyi completed development to the adult stage, whereas no P. humilis emerged in the spring; in 2008 there was successful emergence of both parasitoid species, but Ͻ12% lived to the adult stage (Table 3) . Dissections revealed that P. humilis and P. lounsburyi commonly developed to the pupal stage but died of dehydration (in the early trials) or disease (in the later trials). For the 2008 trials, conducted with only P. humilis, the initial percentage parasitism was lower in late-October (32.7%) and in mid-November (13.2%) trials, as compared with those initiated in early-October (42.8 and 64.5%), and no parasitoid successfully developed to the adult stage (Table 3) .
Fly and Parasitoid Survival in the Soil. Percentage of insects surviving to the adult stage in the insectary (control) differed between the two insectaries (Kearney and UC Berkeley) and among insect species, averaging 56.9 Ϯ 5.0, 37.5 Ϯ 6.9, and 36.0 Ϯ 4.7% for B. oleae pupae, P. humilis, and P. lounsburyi, respectively, at Kearney, and 70.9 Ϯ 5.4, 51.2 Ϯ 7.9, and 37.8 Ϯ 7.4% by B. oleae puparia, P. humilis, and P. lounsburyi, respectively, at UC Berkeley. For this reason, survival data were corrected based on the survival of cohorts (for each trial, location, and species) in the insectaries at Kearney and UC Berkeley. Using the corrected overwintering mortality data, there were signiÞcant effects of location, trial date, and soil humidity treatment for species tested; and species, trial date, and soil humidity for locations tested (Table 4 ). The pattern of treatment effects was not consistent as there were no effects of location for P. humilis, of trial date for B. oleae, or of soil moisture for either P. humilis or P. lounsburyi (Table 4) . Mortality of B. oleae pupae ranged from 25 to 100% and was generally higher at UC Berkeley than at Kearney ( Fig. 2A and D) . Mortality of P. humilis increased during later trial dates, with nearly 100% mortality of pupal P. humilis in trials initiated after November (Fig. 2B and E) . Mortality of P. lounsburyi pupae was lower at UC Berkeley than at Kearney and also increased in later trial dates ( Fig. 2C  and F) .
A higher percentage of B. oleae completed development than the parasitoids, with adult emergence Ϸ7 d before the parasitoids in each location, and occurring from early-to mid-March. Those P. humilis and P. lounsburyi that completed development from the last trial dates on 18 December (UC Berkeley) and 17 December (Kearney) emerged from mid-to late March. Pooling all data for each location and species, cumulative emergence was positively related to cumulative degree-days (Fig. 3) . The predicted degreedays at 50% emergence for P. humilis and P. lounsburyi was 214.4 and 330.7 DD at UC Berkeley, respectively, and 216.7 and 303.3 DD at Kearney, respectively.
Discussion
Overwintering mortality is thought to be an important factor governing B. oleae population dynamics in Europe (Neuenschwander et al. 1981) . In CaliforniaÕs coastal and interior olive growing regions, adult B. oleae have been caught in baited traps throughout the year, although in relatively low numbers during the winter and spring seasons (Yokoyama et al. 2006 , Burrack et al. 2011 ). This current study shows that B. oleae can indeed survive and overwinter as an adult in CaliforniaÕs interior valley; female ßies held in Þeld cages beginning in October survived up to 273 d (until June the following year) when supplied with food and water ( Table 1 ). The sharpest declines in ßy numbers occurred during the coldest part of winter (late January), which was greater than that observed after high summer temperatures that often exceeded 40ЊC from late July to early August (Fig. 1) . Food, water, and temperature are key factors inßuencing adult B. oleae survival (Wang et al. 2009a,b; Yokoyama 2012) . In olive orchards, natural food sources such as honeydew produced by Saissetia oleae (Olivier) may sustain the ßyÕs longevity (Wang et al. 2011a ). Even with a food supply, adult ßies are vulnerable to CaliforniaÕs low winter temperatures, as showed in this study, and high summer temperatures, as shown by Johnson et al. (2011) . Although we did not test adult ßy survival in the coastal site, adult overwintering survival is expected to be greater in the coastal regions because of more mild winter and spring weather conditions.
We also showed that female B. oleae could oviposit on fruit in late fall and early winter and that the ßy eggs successfully developed into adults, although the percentage survival of B. oleae eggs or larvae in overwintered fruit was also low (10% , Table 3 ) and immature mortality was related to the daily lowest temperature. B. oleae was previously recovered from overwintered fruit collected in coastal regions (Yokoyama et al. 2006 , Burrack et al. 2011 , but not in the interior valleys. Avidov (1954) reported that adult B. oleae are inactive below 16.7ЊC. During our study at the Lindcove site, there were only 6 d in January (2007) when the daily maximum temperature was higher than 16.7ЊC. Thus, the adult ßy survived during the cold days and oviposited during the few warm days or periods of those days.
Previous researchers have shown that the ßies overwinter as adults or immatures in fruit (Kapatos and Fletcher 1984) or as pupae in the soil (Michelakis 1980 , Neuenschwander et al. 1981 . We showed that ßy pupae, buried in soil from fall (October) to winter (December), survived and emerged as adults in spring (March) in both the coastal and interior sites (Fig. 2) .
Combined with the studies of adult and immature stages, this suggests that B. oleae may overwinter in California as adults, immatures in the fruit, or pupae in the soil. We suspect that B. oleae that reach the puparial stage in late fall are the more likely overwintering stage in olive growing regions with colder winter temperatures. The phenology of B. oleae in California seems to be similar to that in Greece, where adult ßies also emerge in spring and attack olives remaining on the trees from the previous season (Kapatos and Fletcher 1984) . Low temperature and high soil moisture have been suggested as B. oleae mortality factors (Neuenschwander et al. 1981) and, in this study, pupal mortality was inßuenced by winter temperature and soil moisture (Table 4 ; Fig. 2 ). In Greece, Michelakis (1980) showed that the emergence of adult ßies, buried in the soil, ranged from 0 to 20% when recorded from the colder mountain regions to the mild lowlands, respectively. In Portugal, Gonç alves et al. (2012) estimated that mortality of buried puparia reached 98.5% in northÐ eastern Portugal. Pupal mortality will also depend on other conditions such as disease and predation (Neuenschwander et al. 1981 , Orsini et al. 2007 , Gon-ç alves et al. 2012 . In this study, predators were excluded and we suspect most mortality resulted from dehydration before the winter rains (October and November, 1.45 and 0.34 inches for Berkeley and Kearney sites, respectively) and from diseases in wet soils during winter rainfall (December to March, 14.26 and 7.27 inches for UC Berkeley and Kearney sites, respectively).
Concurrent to our investigation of B. oleae overwintering survival and development, we conducted similar studies with the two solitary, endoparasitic braconids. Previously, we showed that P. humilis and P. lounsburyi can attack B. oleae inside fruit in late fall or early spring (Wang et al. 2011b ). Here, we showed that these parasitoid species can overwinter as immature stages and reach the adult stage in early spring on overwintered hosts that either remains inside fruit on the tree or inside ßy larvae that drop from the fruit to pupate in the soil. Parasitoid mortality during this period was high (Table 4 ; Fig. 2 ). Fig. 2 . Corrected overwintering mortality of (A and D) B. oleae, (B and E) P. humilis, and (C and F) P. lounsburyi pupae buried in the soil from the middle October to the middle of December 2009 (once per week) at a coastal site in Berkeley (A, B, and C) and at an interior site in Parlier (D, E, and F), CA. Additionally, at each site the amount of soil moisture in the burial arena was either natural (i.e., the soil receiving natural rainfall) or controlled soil humility in which the arena was sprayed with water on a weekly basis to maintain the soil humidity at around 60Ð90% and the arena was covered for protection from rains.
Overwintering mortality of immature P. humilis in ßy puparia was affected by burial date (that corresponds with temperature) and immature P. lounsburyi were affected by both burial date and location; the later species had better survival at the coastal site than the interior site (Table 4 ; Fig. 2 ). Low temperature kills some parasitoid species by causing physical or metabolic injury (Hance et al. 2007 ). Continual exposure of P. humilis eggs or larvae to low temperature (Ͻ10ЊC) resulted in higher mortality than that experienced by its pupae (Daane et al. 2013) . In laboratory studies, P. humilis appears to be less cold tolerant than P. lounsburyi or P. ponerophaga (Daane et al. 2013) . The Þeld study reported herein supports this observation: whereas winter morality was extremely high for both parasitoid species, P. humilis survival was lower than P. lounsburyi survival at the coastal site ( Fig. 2B and C) .
Our previously developed degree-day models for B. oleae, P. humilis, and P. lounsburyi (Wang et al. 2012a) provided a relatively accurate prediction of the overwintering development of these insects. For P. humilis and P. lounsburyi, overwintering development was linked to temperature in each year of the study, suggesting these parasitoids do not have a winter diapause; species that do not diapause are often less cold-tolerant (Hance et al. 2007 ). While some fruit ßy parasitoid species from temperate and tropical regions in Asia and the Americas are known to enter diapause (Aluja et al. 1998 , Carvalho 2005 , none from subtropical Africa have been reported. Without a diapause it is critical for adult P. humilis and P. lounsburyi to Þnd hosts soon after they emerge in early spring. In California, the lack of alternative hosts, such as Medßy, may require even better synchronization among the ßy, introduced parasitoids, and environmental conditions. One possible survival mechanism would be a long adult survival period, and a previous study showed that adult P. humilis could survive for up to 150 d during the overwintering period, when provided access to food, and surviving females could still successfully oviposit (Wang et al. 2011a ). The relatively long-lived adult parasitoids and the availability of adult parasitoid food sources, such as honeydew, are probably necessary for successful establishment of these species in new geographic ranges where no alternative hosts are available.
This work suggests that among the desired traits for B. oleae parasitoids is tolerance to overwintering temperature. Previous studies elucidated other inherent difÞculties of classical biological control of B. oleae. First, domesticated olives are substantially larger than wild olives, which limit the effectiveness of larval parasitoids with short-ovipositors adapted to small wild olives (Wang et al. 2009c,d) . Second, domesticated olives have a more uniform ripening period, reducing the availability of suitable fruit as B. oleae hosts during some periods in the year (Copeland et al. 2004 ). In California, although different olive cultivars ßower and mature their fruit at slightly different times (Burrack and Zalom 2008) , a postßowering period exists in spring and early summer when the previous crop of olive fruit has disappeared and the new crop of olive fruit are not mature enough for B. oleae de- velopment ). In addition, in the ßyÕs native range other tephritid species are present that serve as alternative hosts for many of the parasitoid species that attack B. oleae (Copeland et al. 2004 , Wharton et al. 2000 . Here, we have looked closely at only two of the common B. oleae parasitoid species; there are possibly other species outside Africa that may be better adapted for overwintering in the ßyÕs expanded range, although they have not yet been found or evaluated ).
